Hypogonadotropic hypogonadism is defined as a deficiency of the pituitary secretion of follicle-stimulating hormone and luteinizing hormone, which results in the impairment of pubertal maturation and of reproductive function. In the absence of pituitary or hypothalamic anatomical lesions and of anosmia (Kallmann syndrome), hypogonadotropic hypogonadism is referred to as isolated hypogonadotropic hypogonadism (IHH). A limited number of IHH cases are due to loss-of-function mutations of the gonadotropin-releasing hormone receptor. To identify additional gene defects leading to IHH, a large consanguineous family with five affected siblings and with a normal gonadotropin-releasing hormone receptor coding sequence was studied. Homozygosity whole-genome mapping allowed the localization of a new locus within the short arm of chromosome 19 (19p13). Sequencing of several genes localized within this region showed that all affected siblings of the family carried a homozygous deletion of 155 nucleotides in the GPR54 gene. This deletion encompassed the splicing acceptor site of intron 4 -exon 5 junction and part of exon 5. The deletion was absent or present on only one allele in unaffected family members. GPR54 has been initially identified as an orphan G proteincoupled receptor with 40% homology to galanin receptors. Recently, a 54-aa peptide derived from the KiSS1 protein was identified as a ligand of GPR54. The present study shows that loss of function of GPR54 is a cause of IHH, and it identifies GPR54 and possibly KiSS1 protein-derived peptide as playing a major and previously unsuspected role in the physiology of the gonadotropic axis.
Hypogonadotropic hypogonadism is defined as a deficiency of the pituitary secretion of follicle-stimulating hormone and luteinizing hormone, which results in the impairment of pubertal maturation and of reproductive function. In the absence of pituitary or hypothalamic anatomical lesions and of anosmia (Kallmann syndrome), hypogonadotropic hypogonadism is referred to as isolated hypogonadotropic hypogonadism (IHH). A limited number of IHH cases are due to loss-of-function mutations of the gonadotropin-releasing hormone receptor. To identify additional gene defects leading to IHH, a large consanguineous family with five affected siblings and with a normal gonadotropin-releasing hormone receptor coding sequence was studied. Homozygosity whole-genome mapping allowed the localization of a new locus within the short arm of chromosome 19 (19p13) . Sequencing of several genes localized within this region showed that all affected siblings of the family carried a homozygous deletion of 155 nucleotides in the GPR54 gene. This deletion encompassed the splicing acceptor site of intron 4 -exon 5 junction and part of exon 5. The deletion was absent or present on only one allele in unaffected family members. GPR54 has been initially identified as an orphan G proteincoupled receptor with 40% homology to galanin receptors. Recently, a 54-aa peptide derived from the KiSS1 protein was identified as a ligand of GPR54. The present study shows that loss of function of GPR54 is a cause of IHH, and it identifies GPR54 and possibly KiSS1 protein-derived peptide as playing a major and previously unsuspected role in the physiology of the gonadotropic axis. T he integrity of the pituitary-gonadal axis allows normal sexual differentiation during fetal life and normal puberty and fertility (1) (2) (3) . Hypogonadotropic hypogonadism is defined by a defect of gonadal functions manifested by impuberism, partial pubertal development or isolated infertility, caused by a deficiency of follicle-stimulating hormone and luteinizing hormone production. The biological hallmark is a decreased level of sex steroids associated with low or normal levels of follicle-stimulating hormone and luteinizing hormone. This profile can result from deficiencies in gonadotropin-releasing hormone (GnRH) production by the hypothalamus, in GnRH receptor function at the pituitary level, or in luteinizing hormone and follicle-stimulating hormone production by the pituitary. Hypogonadotropic hypogonadism can result from tumoral, surgical, or physical insults at the hypothalamic or pituitary level and is generally associated with other pituitary hormone deficiencies. Hypogonadotropic hypogonadism can be part of multiple pituitary hormone deficiencies associated with genetic defects of transcription factors such as PROP1, HESX1, LHX3, and LHX4 or with developmental abnormalities of the region, such as pituitary stalk interruption syndrome (4) . Hypogonadotropic hypogonadism can be associated with anosmia (Kallmann syndrome) or apparently isolated without anosmia [isolated hypogonadotropic hypogonadism (IHH)] (5). Kallmann syndrome is itself heterogeneous with an X-linked form due to mutations in Kal1, the gene encoding for anosmin (6, 7) , and forms with autosomal transmission. Loss-offunction mutations of the fibroblast growth factor receptor 1 have recently been associated with Ϸ10% of autosomal forms of Kallmann syndrome (8) . In 1997, the first cases of IHH due to loss-of-function mutations of the GnRH receptor gene were reported by our group (9) . However, GnRH receptor mutations account for Ͻ50% of familial IHH cases and a small fraction of sporadic cases, indicating that IHH is a heterogeneous condition caused by various genetic defects (10) .
In this study, a large consanguineous family comprising five siblings with IHH led us to identify, by a genome-mapping strategy, the G protein-coupled receptor 54 (GPR54) as a protein involved in the regulation of gonadotropin secretion.
Subjects, Materials, and Methods
Subjects. A consanguineous family of eight children of whom five were affected was investigated (Fig. 1) . The parents were first cousins. The index case was a 20-year-old male referred for impuberism. He had typical signs of hypogonadism with small testes (4 ml), sparse pubic hair (P3), and a penis of 7 cm. His height and weight were 152 cm and 54 kg, respectively, and his bone age was retarded at 15.0 years. He had a normal sense of smell and showed no abnormal eye movements, no color blindness, and no renal or craniofacial abnormalities. Three brothers had similar clinical features. A sister had partial hypogonadism; at age 16 years she had partial breast development and had experienced a single episode of uterine bleeding. Hormonal measurements (Table 1) showed low plasma testosterone in affected males and low plasma estradiol in the affected female, associated with low plasma gonadotropin levels. All affected siblings had a blunted response to GnRH (100 g i.v.). One brother and two sisters had normal pubertal development. The mother had menarche at the age of 16 years. The father reported normal pubertal development. All patients and family members gave written informed consent for genetic analyses.
other microsatellite markers published elsewhere (12) and new informative CA repeat markers (HH2.1, HH2.2, and HH2.3) that we identified from contigs localized within the region of interest. The primer sequences of these markers are listed in Table 2 .
Linkage Analysis. Two-point logarithm of odds (lod) scores were computed by using FASTLINK 4.1P (13, 14) and multipoint lod scores were computed by using GENEHUNTER 2.0 (15) . The disease gene was assumed to be fully penetrant, autosomal, and recessive (frequency, 0.00001). Frequencies of the marker allele were varied to study the robustness of the results. All results are reported assuming equifrequent alleles (frequency, 0.25) at each marker. For multipoint analysis, genetic distances between markers were derived from the Genethon map (11).
Sequencing. The five exons of the GPR54 gene were amplified by PCR with 20-100 ng of genomic DNA. The following primers were used. Exon 1: forward, GGGCGGCCGGGAGGAGGA; reverse, CCGGGACGGCAGCAGGTG. Exon 2: forward, GCC-CAGCGCCCGCGCATC; reverse, GTCCCCAAGTGCGCCC-TCTC. Exon 3: forward, CAGGCTCCCAACCGCGCAG; reverse, CGTGTCCGCCTTCTCCCGTG. Exon 4: forward, CTTCATCCTGGCTTGTGGCAC; reverse, CTTGCTGTC-CTCCCACCCAC. Exon 5: forward, GCCTTTCGTCTAAC-CACCTTC; reverse, GGAGCCGCTCGGA-TTCCCAC. Amplification was performed for 30 cycles with Yellow Taq (Eurogentec, Brussels) in 1.5 mM MgCl 2 , with 0.1 M each primer and 5% DMSO. The annealing temperatures were 60°C for exons 1, 3, 4, and 5 and 66°C for exon 2. The PCR products were directly sequenced with BigDye dideoxyterminator cycle sequencing kits and the 3100 sequencer (Applied Biosystems) with the same primers. To genotype all members of the family, the PCR products of exon 5 were analyzed by electrophoresis in a 2% agarose gel. Results GnRH Receptor Genotyping. DNA was extracted from blood lymphocytes of the index case, and the GnRH receptor exons were sequenced and found to be normal. Two-point linkage analysis performed with markers localized on chromosome 4 allowed the definitive elimination of any anomaly of the GnRH receptor locus in this family (logarithm of odds score less than Ϫ2).
Genome Mapping. The large size of the family with numerous affected individuals and the high consanguinity allowed a homozygosity mapping strategy to localize the genomic region harboring the disease-causing allele. Preliminary computer analysis gave an 85% probability of finding the locus of interest (16) (data not shown). Two hundred eighty-two markers encompassing all autosomes were used for genome mapping (11) . Only one marker, D19S886, was homozygous in all affected patients and was heterozygous in both parents. The logarithm of odds score for D19S886 was 3.5 at ϭ 0, indicating a strong probability of linkage. A recombination event was found in patient III.4 between markers D19S886 and D19S424 (Fig. 1) . D19S886 was the most telomeric marker used on the short arm of chromosome 19. The disease-causing genetic lesion was thus localized between the telomere (pTer) and D19S424. This region was called IHH2, spanning 14 centimorgans in genetic maps. We narrowed this interval by using four additional published markers (11, 12) and three previously undescribed polymorphic CA repeats (IHH2.1, IHH2.2, and IHH2.3) selected in the contigs localized within IHH2. Fine mapping using these markers assigned the recombination point to an interval of 110 kbp delimited by IHH2.2 and IHH2.3 (Fig. 2 Upper) . The length of the interval of interest was estimated at 1,650 kbp (Homo sapiens Map View, Build 30; www.ncbi.nlm.nih.gov/mapview͞maps.cgi).
Sequencing of GPR54 Gene. Candidate genes present in the region of interest and potentially involved in reproduction, signaling, and development were sequenced. No difference was found between DNA from affected and nonaffected individuals in EPLG6, BSG, FSTL3, and NR3B genes (17) (18) (19) (20) . When amplifying exon 5 of the GPR54 gene of affected patients, we observed a single PCR product smaller than that of control subjects (Fig. 3) . Exon 5 PCR amplification of DNA from both parents and from the unaffected sibling III.5 showed a band of the normal size and the smaller band. DNA from the unaffected sibling III.1 gave only the normal size band. A normal pattern of exon 5 PCR amplification was found in DNA from 50 control subjects. These results were consistent with the mapping data and suggested that a deletion within exon 5 of the GPR54 gene was linked to IHH in this family. Sequencing of the smaller PCR product amplified from affected patients showed a deletion of 155 bp lying between intron 4 (nucleotide Ϫ13 when numbering from the 3Ј end of intron 4) and exon 5 (nucleotide 142 of exon 5, corresponding to nucleotide 880 of the cDNA) (Fig. 2 Lower) . Sequencing of exon 5 in DNA amplified from the unaffected sibling III.5 confirmed the heterozygocity for the 155-bp deletion.
Discussion
In this paper, we show that a GPR54 gene defect leads to isolated hypogonadotropic hypogonadism. GPR54 is a G protein-coupled receptor initially cloned in the rat by using degenerate primers based on conserved sequences present in transmembrane domains (21) . It has a 40% homology with galanin receptors. GPR54 was thereafter cloned in humans (called hOT7T175 or Axor-12) and found to be expressed mainly in the brain, pituitary, and placenta (22) (23) (24) . GPR54 is formed of five exons. The deletion we have observed removes the splicing acceptor site of intron 4-exon 5 junction and part of exon 5 (Fig. 2 Upper) . This deletion thus leads to the absence of the normal protein sequence downstream from residue 247. The deleted receptor is truncated within the third intracellular loop, thus lacking transmembrane domains 6 and 7. It has been shown that such truncated G protein-coupled receptors are unable to stimulate the transduction pathway (25) . It is unknown whether the gene deletion present in this family leads to the absence of protein synthesis or to the synthesis of a truncated protein.
Recently, a ligand binding to GPR54 was described independently by three groups. Kotani et al. (22) and Ohtaki et al. (23) analyzed placental extracts for peptides activating GPR54. Muir et al. (24) used a library of 1,500 putative ligands. The best agonists displayed a similarity to a 54-aa peptide derived from the KiSS1 protein (26) . This peptide corresponds to the predicted proteolytic processing of KiSS1 at dibasic and dibasic/ amidation sites. It displays a C-terminal LRF-amide sequence. GPR54 stimulation by this 54-aa peptide results in the activation of phospholipase C by coupling to a Gq protein. KiSS1 mRNA is mainly present in the placenta and brain (24) . In the brain, it has been localized to the hypothalamus and basal ganglia.
In support of our findings, we have sequenced the GPR54 gene in three other familial cases of isolated hypogonadotropic hypogonadism and found one missence homozygous point mutation (Leu102Pro). However, in contrast to deletions, point mutations must be expressed in transfected cells and shown to functionally impair the receptor. The Leu102Pro mutation in the GPR54 gene was not observed in 50 control subjects. Further studies of familial and sporadic cases of IHH will be necessary before assessing the frequency of GPR54 gene defects.
GPR54, initially described as an orphan receptor (21), binds a 54-aa RF-amide peptide derived by proteolysis from the KiSS1 protein (22) (23) (24) . Our results show that GPR54 and possibly KiSS1-derived peptide play an important and previously unsuspected role in the physiology of the gonadotropic axis.
In conclusion, the present study shows that a genetic alteration leading to homozygous loss of function of GPR54 impairs pubertal development and reproductive functions. This finding indicates that GPR54 plays an important and previously unsuspected role in the regulation of the gonadotropic axis. The KiSS1 gene product is a RF-amide peptide, and two peptides with structural similarities have recently been shown to play a role in neuroendocrine regulations (27, 28) . KiSS1 gene was initially cloned as a tumor metastasis suppressor gene (26) , and the mature protein was named metastin. Activation of GPR54 by metastin results in decreased cellular motility (23) and proliferation (22, 23) . Metastin is also believed to control the migration of trophoblast cells (29) . However, it is unknown whether these features are relevant to the mechanisms leading to IHH in our patients. Moreover, further work is needed to determine whether GPR54 loss-of-function mutations affect the gonadotropic function at the hypothalamic or pituitary level. These findings suggest that a new chapter may thus be opened in the physiology of the gonadotropic axis.
